PLANT PHYSIOLOGY tein N on a per plant basis was lower in the leaves and m-uch higher in the stems and roots of treated plants than in corresponding tissues of controls harvested at the same time or at the start of treatment. Apparently some of the protein in the leaves of treated plants was hydrolyzed and the products were translocated to the stems and roots where more protein was resynthesized.
tein N on a per plant basis was lower in the leaves and m-uch higher in the stems and roots of treated plants than in corresponding tissues of controls harvested at the same time or at the start of treatment. Apparently some of the protein in the leaves of treated plants was hydrolyzed and the products were translocated to the stems and roots where more protein was resynthesized.
6. Marked increases in soluble organic N were found in the-stems and roots of treated plants above that found in controls harvested at the start of treatment. Most responsible for this increase was the fraction containing undetermined forms of soluble organic N.
7. Proteolytic activity in extracts of all organs of the plants was markedly affected by treatment with 2,4-D. Decreased proteinase and peptidase activity in leaves and increased proteinase and peptidase activity in stems and roots followed treatment with 2,4-D.
The authors wish to express appreciation to members of the Microbiology Department of the New Jersey Agricultural Experiment Station for the culturing of Aspergillus wentii used in determining peptide nitrogen.
LITERATURE CITED 10 Evidence is presented for a cofactor and manganous ion requirement for full activity of the oxidase system catalyzing reaction (2) . The cofactor, as yet unidentified, has been found in glutathione isolated from yeast and in crude coenzyme A preparations from liver.
MATERIALS AND METHODS
Triphosphopyridine nucleotide of 10 % purity was prepared from sheep liver by an unpublished method of Kornberg and Horecker. Muscle adenylic acid and glucose-6-phosphate were purchased from Schwarz Laboratories, Inc. Coenzyme A of 0.9 % purity (prepared from hog liver) was purchased from the A. S. Aloe Company. Coenzyme A of 75 % purity (prepared from brewer's yeast) was purchased from Pabst Laboratories. Glucose-6-phosphate dehydrogenase was prepared from brewer's yeast by the method of Kornberg (13) . Glutathione was purchased from Schwarz Laboratories, Inc. and from General Biochemicals, Inc. or was prepared from baker's yeast by the method of Pirie (17) . Oxidized glutathione was purchased from Schwarz Laboratories, Inc. or was prepared from glutathione by oxidation with H202 according to the method of Pirie (18) , except that no copper was used as a catalyst. L-malic acid, C.P. grade, was purchased from Pfanstiehl Chemical Co. and was used without further recrystallization. Sodium thioglycolate, practical grade, was purchased from Eastman Kodak Co. All other chemicals used in these experiments were of reagent grade or of the highest purity conimercially available.
The protein preparations employed in these experiments were made from Gold Medal wheat germ (General Mills, Inc.), and from wheat germ " B " (B. A. Eckhart MNilling Company). Both brands of wheat germ were specified to be " not heat treated." The protein solutions were prepared by ammonium sulfate fractionation of water extracts of wheat germ according to the type C wheat germ procedure of Conn et al (4) for the preparation of the " malic " enzyme, except that the protein precipitates were dissolved in and dialyzed against phosphate buffer of pH 6.8 instead of pH 7.3. Protein solutions obtained by this procedure will be referred to as preparation I. They contained from 85 to 90 mg of protein per ml. In some instances the protein that precipitated at an (NH4)2SO4 concentration of 290 gm/i of protein solution (step 3 of the procedure of Conn et al (4) for type C wheat germ) was used. These protein solutions will be referred to as preparation II. They contained from 87 to 98 mg of protein per ml. The protein solutions were kept for as long as four months in the deep freeze with no noticeable loss of enzyme activity.
Muscle adenylic acid was added to the TPN solutions used in these experiments to prevent the hydrolytic cleavage of the TPN molecule by enzymes present in wheat germ protein preparations (4) . The TPN-adenylic acid solutions were made to contain 100 ug of TPN and 5 mg of muscle adenylic acid per ml.
Pyruvic acid determinations were made by the specific method of Friedemann and Haugen (5) . Glutathione (GSH) was estimated by titration with 0.001 N potassium acid iodate according to the method of Fujita and Numata (6) .
The manometric experiments were conducted in the Warburg apparatus at 250 C. The reaction volume, in all cases, was 2.0 ml. For the measurement of oxygen uptake the vessels were filled with air and 0.2 ml of 10 % KOH was added to the center well. The " direct method " for the measurement of carbon dioxide evolution (19) was used.
EXPERIMENTAL RESULTS COFACTOR REQUIREMENT: The presence of an oxidase system in crude " malic " enzyme preparations from wheat germ became evident when rather high rates of oxygen uptake were obtained with the system: crude "malic" enzyme, malate, TPN, MnCl2, oxidized glutathione (GSSG). The oxidase was neither ascorbic acid oxidase nor cytochrome oxidase since no oxygen uptakes were obtained when ascorbic acid or hydroquinone and cytochrome c were added to the " malic " enzyme protein. It is very unlikely that cytochrome oxidase would be present since the " malic " enzyme protein was prepared from a simple water extract of wheat germ, and Goddard (7) has found that wheat germ cytochrome oxidase is not water soluble unless the germ is first treated with acetone. Polyphenol oxidase is apparently eliminated also since this enzyme has not been found in wheat germ (7) . Following Conn et al (3) this enzyme system catalyzing the aerobic oxidation of TPNH will be referred to as TPNH-oxidase.
That the system has an apparent requirement for GSSG is shown in figure 1 where the results of a typical experiment are shown. The initial 10 goes to completion in 12 to 14 minutes. The effect of added GSSG could not be due to the autoxidation of the GSH formed since added GSH had no effect on the oxygen uptake. Cysteine and cystine likewise had no effect on the oxygen uptake.
Numerous commercial samples of GSSG were tested for this stimulatory action. Most of the samples tested had no effect, two samples gave a slight increase, and only the original sample, (one gm Schwarz GSSG) used gave a large increase (of the magnitude shown in fig 1) in oxygen uptake. Numerous experiments were run using the original sample of GSSG and the results were quite reproducible. Marked increases in 02 uptake (similar to those shown in fig 1) were obtained with preparations of glutathione isolated from baker's yeast and oxidized with hydrogen peroxide (17, 18) , but these preparations were active for only 3 to 4 days after oxidation. In no case was GSH found to be active. The activity became evident only after oxidizing GSH to GSSG. From these results it was concluded that some impurity in the glutathione was responsible for the stimulation of 02 uptake. Further, since GSH was found to be inactive, it was concluded that either the action of the impurity is inhibited by GSH or the impurity is only active in the oxidized state.
Because coenzyme A (CoA) has been shown to be an impurity in commercial glutathione preparations (20) , a crude (0.9 % CoA) liver CoA preparation was tested for cofactor activity. CoA untreated and hydrogen peroxide treated solutions of the purified CoA were tested. Coenzyme A, then, is not the activating factor in this system. It seems unlikely that the activator (cofactor) is a sulfhydryl compound since the crude CoA solutions gave a negative nitroprusside test. Positive nitroprusside tests were obtained only after the addition of cyanide. The cofactor, however, may be present in concentrations too low to be detected by the nitroprusside test. The cofactor present in the crude CoA is not heat stable since the crude CoA (untreated) showed no activity after being heated to 100°C for 7 minutes.
The puruvate and the carbon dioxide formed by the system (reaction 3) were measured with the results shown in tables I and II. If equations 1 and 2 hold for the system under study, the C02/02 ratio and the ratio moles pyruvate/moles 02 should both equal two. From these tables it can be seen that very good agreement with this value was obtained for the pyruvate/02 ratios. The C02/02 ratios varied, but were consistently well below two. The CO2 and the pyruvate determinations were made for a range of 02 uptake levels. In experiment 14 (complete; untreated CoA) pyruvate was measured just before the sharp increase in 02 uptake occurred (see fig 2) . In experiment 15 pyruvate was determined in the same type of system well after this sharp increase. In both experiments the pyruvate measured was in good agreement with the pyruvate calculated on the basis of one mole of pyruvate formed per 0.5 mole of 02 taken up. This would hardly be the case if the observed 02 uptake were the result of a bacterial contaminant.
The cofactor, from both glutathione and crude CoA, appears to be active only in the oxidized form. If this be true, then the behavior of the system to which untreated CoA (i.e., reduced cofactor) has been added (fig 2) can be explained by assuming that, instead of reaction 2, reaction 5 is occurring. (5) TPNH + H + 02 -TPN+ + H202
The hydrogen peroxide formed by reaction 5 would oxidize the reduced cofactor, and the time lag in the 02 uptake curve obtained with this system (fig 2) would represent the time necessary to build up quantities of oxidized cofactor sufficient to support high rates of 02 uptake. Because the wheat germ protein used in these experiments exhibits strong catalase activity hydrogen peroxide would not accumulate and reaction 2 would represent the overall reaction. The quantity of hydrogen peroxide necessary to oxidize the cofactor is so small that the effect on the pyruvate/0O2 ratio would be negligible.
To determine which reaction (reaction 1 or 2) required the cofactor, glucose-6-phosphate (G-6-P) and glucose-6-phosphate dehydrogenase were used instead of malate and the "malic" enzyme to reduce the TPN. Glucose-6-phosphate dehydrogenase catalyzes reaction 6.
(6) G-6-P + TPN+ + H20 -> 6-phosphogluconate + TPNH + H+ The system: TPNH oxidase ("malic" enzyme protein), glucose-6-phosphate dehydrogenase, G-6-P, TPN, MnCl2 (reactions 6 and 2), exhibited only low rates of 02 uptake. The addition of crude, hydrogen peroxide treated CoA increased the 02 uptake greatly.
These results are plotted in figure 3 . Since it is very unlikely that the cofactor would be required by both the "malic" enzyme and glucose-6-phosphate dehydrogenase, it must be concluded from these results that the cofactor acts somewhere along the pathway from reduced TPN to oxygen (reaction 2). That this conclusion is correct is further evidenced by the fact that enough glucose-6-phosphate dehydrogenase was added to each Warburg vessel to support an 02 uptake of approximately 270 ud/ hr. The glucose-6-phosphate dehydrogenase was assayed spectrophotometrically by following the increase in optical density at 340 m,u due to the reduction of TPN. The assay system contained G-6-P, glucose-6-phosphate dehydrogenase, MgCl2, buffer, and TPN; it did not contain the cofactor.
By using G-6-P and glucose-6-phosphate dehydrogenase to reduce the TPN it became possible to determine whether or not the oxidation of TPNH is enzymatic in this system, for the possibility remained that the wheat germ protein served merely as a catalyst ("malic" enzyme) in the reduction of TPN. From the experimental results shown in 1 mg adenylic acid); 0.1 ml MnCI2 (0.0128 M); 0.1 ml glucose-6-phosphate dehydrogenase (0.4 units of activity **; 0.5 ml preparation I wheat germ protein solution (45 mg protein); 0.6 ml crude, H202 treated CoA (7.5 mg, 67.5 ,ug CoA); H20 to 2 ml. The reaction was started by tipping in the G-6-P. All solutions were adjusted to pH 6.6 to 6.8 before use. ** A unit of glucose-6-phosphate dehydrogenase activity is defined (16) experiments because the "malic" enzy-me is inactive in its absence. This requirement for 'In"+ has been shown for highly purified pigeon liver "malic" enzyme preparations (16) , and for crude "malic" enzyme preparations from higher plants including wheat germ * Two complete systems were used, the "malic" enzyme system and the glucose-6-phosphate dehydrogenase system according to the method employed to reduce TPN. Both systems contained: 0.2 ml TPN-muscle adenylic acid solution (20,g TPN, 1 mg adenylic acid); 0.5 ml wheat germ protein solution (45 mg protein). The glucose-6-phosphate dehydrogenase system contained in addition 0.2 ml G-6-P (0.25M); 0.1 ml glucose-6-phosphate dehydrogenase (0.4 units of activity); 0.6 ml crude, H2,OI treated CoA (7.5 mg, 67.5 ug CoA).
The "malic" enzyme system contained in addition 0.2 ml malate (0.83 M); 0.2 ml GSSG (2 mg GSSG). The final volume of both systems was 2.0 ml. (4) . Though Co++ and -g,++ can substitute for A\In++, MIg++ is much less effective. At an Mn++ concentration of 5 x 1-5 M the enzyme is half saturated; the Mg++ concentration for half saturation is 5 x 104 M (15). Kornberg (13) has obtained, in the presence of glycyl,lycine buffer, 3-to 4-fold increases in the activity of glucose-6-phosphate dehydrogenase (crude as well as purified preparations) by the addition of 'Mg++. With phosphate buffer, however, the effect of added Mg\1++ was slight, and the activity of the glucose-6-phosphate dehydrogenase approached that obtained when glveylglycine and Mg++ were present in the reaction mixture. Since glycylglycine forms complexes with Mg++ (13) it may be assumed that glucose-6-phosphate dehydrogenase has a metal requirement that is fulfilled, in the absence of strong chelating tion was started by tipping in the G-6-P at zero time. All solutions were adjusted to pH 6.6 to 6.8 before use. Initial pH 6.6, temperature 25°C. 00 0-Complete (7. (table  IV) crude, hydrogen peroxide treated CoA served as a cofactor source for the glucose-6-phosphate dehydrogenase system, and GSSG served as a cofactor source for the "malic" enzyme system. Mn++ is required regardless of which source furnishes the cofactor.
INHIBITORS: The results of some inhibition studies are shown in table V. Ascorbic acid apparently inhibits the TPNH oxidase since inhibition was obtained regardless of the method used to reduce TPN (reaction 1 or 6). High inhibition with ascorbic acid was obtained only in the presence of the cofactor. In the absence of the cofactor no inhibition or low inhibition was obtained. Since the cofactor appears to be active only in the oxidized state, ascorbic acid may be acting by reducing the oxidized cofactor. The inhibition observed with cyanide is most probably due to its action on the TPNH oxidase since Van Heyningen and Pirie (8) found that their "malic" enzyme preparations from cattle lens were not inhibited by cyanide. Conn et al (3) also obtained inhibition of their TPNH oxidase preparations with both ascorbic acid and cyanide. Cupric sulfate has been reported to be an inhibitor of both the "malic" enzyme (8) and TPNH oxidase (3). Diethyldithiocarbamate and potassium cyanide inhibit heme and copper enzymes, but they also form complexes with metals as does ethylenediamine.
No inhibitions were obtained with the following substances: sodium azide (10-s M), hydroxylamine (2 x 103 AI), catalase, carbon monoxide (95 % CO, 5 % 02). The rates of 02 uptake in the control vessels for the carbon monoxide experiments (gas phase: 95 % N2, 5 % 02) were about 35 % below the rates for those vessels in which air was the gas phase, indicating that the terminal oxidase in the TPNH oxidase system has a rather low affinity for 02-Sodium arsenate (10-2 M) caused a slight stimulation in 02 uptake. Whether or not this means an arsenolysis of phosphate esters was occurring remains to be shown.
The effect of sodium thioglycolate on the 02 uptake of the complete ("malic" enzyme) system in which GSSG served as a cofactor source is shown in figure 4 . Sodium thioglycolate in the concentration used has little effect for the first 20 minutes of the reaction. After this initial 20-minute period, however, it causes a sharp decrease in 02 uptake. When hydrogen peroxide treated crude CoA served as a cofactor source thioglycollate inhibited only when GSSG (which did not contain the cofactor impurity) was also present in the reaction mixture. In this latter case, although a pronounced thioglycolate inhibition was observed, the curves obtained were not like those shown in figure 4 but were more nearly straight lines. Thioglycolate did not inhibit those systems to which no cofactor had been added. figure 5 . In the presence of GSSG or GSH the sharp increase in 02 uptake which usually occurs between 70 and 80 minutes after tipping in the malate is abolished. It must be emphasized that the GSSG used in these experiments was a commercial sample which contained no cofactor impurity. If the cofactor had been present in the GSSG sample a plot of the results would have looked similar to the curve shown in figure 1. The behavior of eysteine and eystine in this system was quite similar to that obtained with GSSG and GSH. None of these four compounds, however, had any effect on the 02 uptake of the complete ("malic" enzyme) system when hydrogen peroxide treated, crude CoA served as a source of the cofactor. Holdingf to the assumptions that the active form of the cofactor is the oxidized form, that hydrogen peroxide is produced in the system (reaction 5), and that this hydrogen peroxide oxidizes the cofactor, it would appear that GSSG, GSH, eysteine and evstine inhibit the untreated CoA system by preventing the oxidation of the cofactor. The action of those four compounds is not due apparently to -SH groups for, although the GSSG would be reduced to GSH by the glutathione reductase present, there is no evidence for the presence in the wheat germ protein used of a eystine reductase such as has been found in baker's yeast by Nickerson and Romano (14) . Furthermore, cystine reductase requires reduced diphosphopyridine nucleotide (DPNH) for activity. It is evident from these results why it was not possible to demonstrate cofactor activity in preparations of GSH even though such preparations were active after oxidizing them with hydrogen peroxide.
DISCUSSION
From the experimental results presented in this paper it is obvious that crude wheat germ "malic" enzyme preparations contain enzymes capable of catalyzing the aerobic oxidation of reduced TPN. Since this oxidation was not inhibited by azide or carbon monoxide, and since the presence of cytochrome oxidase could not be demonstrated, it appears unlikely that the pathway to oxygen includes the cytochromecytochrome oxidase system. Rather, because the TPNH oxidase has a low affinity for oxygen and because there is a definite possibility that hydrogen peroxide is an end product of the oxidation, it might be assumed that a flavin enzyme is the functional terminal oxidase in this system. The validity of sueh an assumption remains to be seen.
The question arises as to whether the TPNH oxidase described in this paper is identical to that described by Conn et al (3) . There appear to be some very fundamental differences No attempt was made in this study to show a peroxidase requirement for full activity of the TPNH oxidase. The protein solutions used in these experiments, however, gave strongly positive tests for peroxidase both with the purpurogallin method (2) and with the guaiaeol method (21) . Although Conn et al (3) very convincingly demonstrated the necessity of peroxidase for full activity of their TPNH oxidase preparations, it is difficult to set forth, on the basis of our knowledge of peroxidase reactions, a possible role of peroxidase in this system. It is particularly so, since it appears, from the results presented in this paper, that the oxidation of one mole of TPNH requires only 0.5 mole of 02. In this connection, the work of Kenten and MIann must be mentioned (9, 10) . These investigators obtained plant root extracts which catalyzed the oxidation of Mn++ in the presence of hydrogen peroxide, and they showed that this catalysis was due to the presence of a peroxidase system. They suggest the following mechanism: AH2 + H202 peroxidase A +2 H20 (9) . In later papers, Kenten and MIann (11, 12) brought forth evidence that oxalate, oxaloacetate, ketomalonate and dihydroxytartrate could act as metabolites in the above scheme. If such a mechanism were operative in the TPNH oxidase system, AH2 and metabolites would seemingly have to represent TPNH or some reduced carrier between TPNH and oxygen. The above mechanism would not fully account for the MIn++ requirement of the TPNH oxidase since, because catalase is present in the wheat germ protein, the removal of AIn++ would only reduce the 02 uptake by one half. To account for the Mn++ requirement shown by the results reported in this paper, the enzyme system producing the hydrogen peroxide necessary for the functioning of the above mechanism would also have to require Mn++ 
